Introduction {#sec1}
============

Hepatocellular carcinoma (HCC) is perhaps a prototypical systems disease, and as such, quantitative systems biology and bioinformatics analysis were extensively used to explore the molecular mechanisms underlying this disease. The most critical component for revitalizing HCC treatment strategies is identification of novel molecular hubs (proteins or genes) in signaling pathways involved in HCC development and progression.[@bib1]

MicroRNAs (miRNAs) are small noncoding RNAs considered to play fundamental roles in tumor initiation and progression through regulation of gene expression at the level of post-transcription. Increasing evidences have demonstrated that miR-375 is frequently downregulated in multiple types of cancer and acts as an important tumor suppressor by inhibiting malignant properties of cancer cells.[@bib2] Previously, we found that miR-375 was one of the core downregulated miRNAs in HCC, and miR-375 inhibits cell proliferation, autophagy, clonogenicity, migration, and invasion and also induces G1 arrest and apoptosis by targeting AEG-1 and ATG7.[@bib3], [@bib4], [@bib5] Additionally, Liu et al.[@bib6] found that overexpression of miR-375 decreased HCC cell invasion and proliferation by targeting oncogene YAP1. Furthermore, miR-375 was found to strongly inhibit Akt and Ras-induced hepatocarcinogenesis in a primary mouse model of liver cancer.[@bib7] Recently, we demonstrated that gold-nanoparticles-delivered miR-375 has potential in HCC treatment,[@bib8] and miR-375 and doxorubicin (DOX) co-delivered by nanoparticles had significant synergetic anti-tumor effects and added values in overcoming drug resistance.[@bib9], [@bib10] Collectively, these studies suggest that miR-375 is a hub miRNA and an attractive therapeutic target for HCC. However, little is known regarding miR-375's upstream regulatory mechanisms, and there is a lack of comprehensive understanding of miR-375's targets in the HCC signaling pathway.

Transcription factors (TFs) are key regulators of gene expression and play critical roles in HCC. Recent studies have revealed that miRNA disorder is often due to the aberrant expression of TF.[@bib5], [@bib11] Achaete-scute family basic-helix-loop-helix (bHLH) transcription factor 1 (ASCL1), also well known as Achaete-scute homolog-1 (ASH1), a basic helix-loop-helix TF, is necessary for normal neural or some non-neuronal neuroendocrine (NE) cell type's differentiation and development.[@bib12], [@bib13] It has been reported that miR-375 was identified as a miRNA directly and highly transactivated by ASH1 in lung cancer.[@bib14], [@bib15] Our bioinformatics analysis also indicates that ASH1 may be an important upstream regulator of miR-375 in HCC.

As one of miR-375's predicated targets, YWHAZ aroused our interest. YWHAZ, also named as 14-3-3ζ, acts as a central hub in signaling networks, which promotes cell proliferation and adhesion and inhibits apoptosis in multiple cancers.[@bib1] Consistently, upregulation of YWHAZ in gastric cancers, pancreatic, liver, lung, breast, brain, and prostate cancer strengthened its importance in tumorigenesis.[@bib16] Several recent studies showed that elevated expression of YWHAZ is significantly associated with reduced survival and increased disease recurrence and chemoresistance in patients.[@bib17], [@bib18], [@bib19] Upregulation of YWHAZ increases the potential for invasion and metastasis[@bib20], [@bib21] and induces epithelial-mesenchymal transition (EMT) in various tumors.[@bib22], [@bib23], [@bib24] Moreover, YWHAZ can promote autophagy by interacting with phosphorylated Atg9.[@bib25] These studies strongly suggested an important role of YWHAZ upregulation in cancer; however, little is known about its function and regulatory mechanisms in HCC.

In the present study, we first proposed and proved the ASH1-miR-375-YWHAZ signaling axis existed and further revealed the important role of this signaling axis in HCC.

Results {#sec2}
=======

The ASH1-miR-375-YWHAZ Signaling Axis in HCC {#sec2.1}
--------------------------------------------

### The Expression of ASH1, miR-375, and YWHAZ Is Correlated and Different in HCC and Adjacent Tissues {#sec2.1.1}

In our previous studies,[@bib3], [@bib4], [@bib5] we identified and validated miR-375 as a core miRNA in HCC. We analyzed our previous miR-375 microarray data[@bib3] and public TF chromatin immunoprecipitation sequencing (ChIP-seq) data to explore the regulatory signaling axis of miR-375. As a result, we speculated the ASH1-miR-375-YWHAZ signaling axis existed in HCC. To determine this signaling axis, we first examined their RNA expression in 53 paired HCC tissues and adjacent non-tumor tissues. Compared with adjacent non-tumor tissues, YWHAZ was obviously upregulated in HCC tissues. On the contrary, the expression of miR-375 was dramatically decreased in HCC tissues, coincident with the expression of ASH1 ([Figure 1](#fig1){ref-type="fig"}A). In addition, there was a strong positive correlation between the expression of ASH1 and miR-375 (p \< 0.0001; Pearson's correlation), whereas the expression of YWHAZ was negatively correlated with miR-375 or ASH1 expression ([Figure 1](#fig1){ref-type="fig"}B).Figure 1The Expressions of ASH1, miR-375, and YWHAZ Are Correlated and Different in HCC and Adjacent Tissues(A) TaqMan qRT-PCR analysis of miR-375 and SYBR Green qRT-PCR analysis of YWHAZ and ASH1 expression in 53 paired HCC tissues (T) and adjacent normal liver tissues (N). (B) miR-375 is consistent with ASH1 expression (p \< 0.0001; r = 0.4314; Pearson's correlation). YWHAZ inversely correlates with miR-375 or ASH1 expression (p = 0.0379, r = −0.202; p = 0.1130, r = −0.1648, respectively; Pearson's correlation). (C) The expression of YWHAZ, miR-375, and ASH1 in TCGA paired LIHC (liver hepatocellular carcinoma) samples and adjacent tissue samples (paired t test) is shown. (D) The expression of YWHAZ protein was examined in 12 paired HCC tissues and adjacent tissues by western blot. (E) SYBR Green qRT-PCR and western blot analysis YWHAZ in normal hepatocyte and 8 hepatoma cell lines are shown. \*p \< 0.05. (F) Typical result of the expression of YWHAZ in 3 pairs of adjacent tissues and HCC tissues by H&E staining and immunohistochemistry, respectively, is shown.

Moreover, we analyzed the expressions of ASH1, miR-375, and YWHAZ in the Cancer Genome Atlas (TCGA) (<https://portal.gdc.cancer.gov/>) data to confirm the results in our data. We identified the differential expression of ASH1, miR-375, and YWHAZ in 50 pairs of HCC tumor and adjacent non-tumor tissue samples from TCGA. Similarly, YWHAZ was obviously upregulated (paired t test; p \< 0.0001), whereas miR-375 and ASH1 were significantly reduced (p = 0.0001; p = 0.0032) in HCC tissues ([Figure 1](#fig1){ref-type="fig"}C).

Then, we found that YWHAZ protein was in higher expression in 11/12 HCC tumor tissues compared with corresponding non-tumor tissues by western blot analysis ([Figure 1](#fig1){ref-type="fig"}D). Next, we detected YWHAZ mRNA and protein expression in a human normal hepatic cell line L02 and eight liver cancer cell lines ([Figure 1](#fig1){ref-type="fig"}E). YWHAZ mRNA and protein was overexpressed in all liver cancer cell lines. Furthermore, we revealed that YWHAZ protein was observed mainly in the cytoplasm and HCC tumor tissues showed stronger positive compared with adjacent non-tumor tissues by immunohistochemistry staining ([Figure 1](#fig1){ref-type="fig"}F). Collectively, these data confirmed the overexpression of YWHAZ in HCC tissues and cell lines.

### The Existence of Regulations in ASH1-miR-375-YWHAZ Signaling Axis {#sec2.1.2}

In order to prove the existence of the ASH1-miR-375-YWHAZ signaling axis in HCC, we performed experiments to determine the regulation among the three molecules. We analyzed the expression changes of miR375 and YWHAZ by SYBR Green qRT-PCR when ASH1 expression was knocked down or overexpressed. From [Figure 2](#fig2){ref-type="fig"}A, we can see that ASH1 in SMMC-7721 cells was successfully knocked down or overexpressed. As expected, the trend of miR-375 expression was consistent with the expression of ASH1, whereas the expression of YWHAZ was opposite to ASH1 ([Figure 2](#fig2){ref-type="fig"}B).Figure 2The Existence of Regulations in the ASH1-miR-375-YWHAZ Signaling Axis(A) SYBR Green qRT-PCR analysis of ASH1 mRNA after transfected with siRNA or pcDNA3.1 vectors in SMMC-7721 cells. (B) The expression of miR-375 or YWHAZ after knockdown or overexpression of ASH1 in SMMC-7721 cells is shown. (C) Predicted consequential pairing of target region of YWHAZ and miR-375 is shown. (D) The expression of YWHAZ protein was detected by western blot in 3 hepatoma cell lines after the transfection of miR-375. Quantitative analysis of the western blot was performed by ImageJ software, and relative densitometric quantification of YWHAZ proteins was shown. (E) Relative expression of YWHAZ detected by SYBR Green qRT-PCR in three hepatoma cell lines after 48 hr transfected with miR-375 mimics or miR-NC is shown. (F) Luciferase assay in HeLa cell is shown. miR-375 mimics were co-transfected with pLUC-YWHAZ vector or pLUC-mutYWHAZ vector. Relative repression of luciferase expression was standardized to β-gal signal. \*p \< 0.05.

To verify the miR-375 regulating YWHAZ, we first predicted the potential miRNA binding sites on YWHAZ by the TargetScan tool and identified conserved binding sites of miR-375 on YWHAZ 3′ UTR, which broadly conserved among vertebrates ([Figure 2](#fig2){ref-type="fig"}C). To confirm this regulation, we validated the effects of miR-375 on YWHAZ expression in three liver cancer cell lines transfected with miR-375 mimics or control miR-negative control (NC). Western blot and SYBR Green qRT-PCR analysis showed that miR-375 downregulated YWHAZ protein and mRNA levels ([Figures 2](#fig2){ref-type="fig"}D and 2E). Further, to determine the direct binding of miR-375 on YWHAZ 3′ UTR, HeLa cells were co-transfected with miR-375 or miR-NC and pLUC-YWHAZ or pLUC-mutYWHAZ vector. As a result, miR-375 showed substantial reduction in luciferase activity in pLUC-YWHAZ+miR-375 group. This effect can be reversed by mutating the miR-375 target site in YWHAZ 3′ UTR fragment ([Figure 2](#fig2){ref-type="fig"}F). These results indicate that YWHAZ is a direct target of miR-375.

Thus, we confirm the existence of the ASH1-miR-375-YWHAZ signaling axis.

Functional Effects of the ASH1-miR-375-YWHAZ Axis in HCC {#sec2.2}
--------------------------------------------------------

### ASH1 Function as a Tumor Suppressor in HCC {#sec2.2.1}

In our previous studies, we proved that miR-375 is a tumor repressor in HCC.[@bib3] In the above results, we demonstrated that the expression trend of ASH1 was consistent with that of miR-375. Thus, we further investigated whether the role of ASH1 is similar to miR-375. We tested its function on the malignant phenotypes of SMMC-7721 cells by silencing or overexpressing ASH1. The number of cells migrated through the Matrigel-coated or uncoated membrane into the lower chamber was significantly higher in ASH1 small interfering RNAs (siRNAs) (si-ASH1) transfected cells than in control ([Figure 3](#fig3){ref-type="fig"}A). Besides, colony formation and the proliferation of ASH1 deficiency cells were obviously promoted, whereas upregulation of ASH1 showed opposite results ([Figures 3](#fig3){ref-type="fig"}B and 3C). These results suggest that, like miR-375, ASH1 also has tumor inhibition potential in HCC cells.Figure 3ASH1 Functions as a Tumor Suppressor in HCC(A) (a) and (c) represent the results of cell invasion and migration across an 8-μm-pore-size membrane with or without Matrigel after silencing or overexpressing ASH1. (b) and (d) histograms indicate the number of cells invasion and migration. (B) (a) shows the representative results of colony formation using the indicated clones. (b) histogram indicates the number of colony formation using the indicated clones. (C) Cell proliferation was assessed in SMMC-7721 cells at 24 hr, 48 hr, and 72 hr after transfection with siRNA or pcDNA3.1 vectors by Cell Counting Kit-8 assay. \*p \< 0.05.

### Knockdown or Overexpression of YWHAZ Impacts Cell Malignancy Properties {#sec2.2.2}

To gain insight into the potential role of YWHAZ in HCC, we used gain- and loss-of-function methods to investigate whether changing YWHAZ expression could affect the malignant phenotypes of liver cancer cells. In SMMC-7721 cells, the expressions of YWHAZ mRNA and protein were efficiently silenced or overexpressed 48 hr after transient introduction of si-YWHAZ or pcDNA3.1-YWHAZ over the control si-NC or pcDNA-3.1 ([Figure 4](#fig4){ref-type="fig"}A). The results of Transwell assays with or without Matrigel showed that YWHAZ inhibition effectively suppressed the ability of SMMC-7721 cell invasion and migration, whereas overexpression of YWHAZ showed opposite results ([Figure 4](#fig4){ref-type="fig"}B). Besides, colony formation and proliferation of YWHAZ deficiency cells were significantly inhibited, whereas YWHAZ-overexpressed cells showed larger colonies and increased proliferation ([Figures 4](#fig4){ref-type="fig"}C and 4F). We further investigated the influence of YWHAZ on apoptosis using Annexin-V and propidium iodide (PI) combined labeling flow cytometry analysis. We found the rates of apoptosis in SMMC-7721 cells infected with si-YWHAZ were higher than those of control cells and the YWHAZ-overexpressed cells ([Figure 4](#fig4){ref-type="fig"}D). Next, we investigated whether silencing or overexpressing YWHAZ affected cell cycle. As shown in [Figure 4](#fig4){ref-type="fig"}E, the distribution of si-YWHAZ-transfected cells were mainly arrested in G2 phase, whereas the distribution of YWHAZ-overexpressed cells in G2 phase was lower than control. Taken together, these results indicate that YWHAZ augments cell malignancy properties and acts as an oncogene in HCC.Figure 4Knockdown or Overexpression of YWHAZ Impacts Cell Malignancy Properties(A) SYBR Green qRT-PCR and western blot analysis of YWHAZ expression in SMMC-7721 cell lines 48 hr after transfection. Quantitative analysis of the western blot was performed by ImageJ software, and relative densitometric quantification of YWHAZ proteins was shown. (B) (a) and (c) represent the results of cell invasion and migration across an 8-μm-pore-size membrane with or without Matrigel after silencing or overexpressing YWHAZ. (b) and (d) histograms indicate the number of cell invasions and migrations. (C) (a) shows the representative results of colony formation using the indicated clones. (b) histogram indicates the number of colony formation using the indicated clones. (D) Cell apoptosis was detected by annexin-V and propidium iodide (PI) combined labeling flow cytometry in cells 48 hr after transfection. (E) Cell cycle analysis was determined 48 hr after transfection by PI staining flow cytometry. (F) Cell proliferation was detected at 24 hr, 48 hr, and 72 hr after transfection. \*p \< 0.05.

### miR-375 and YWHAZ Showed Opposite Effects on HCC Cells {#sec2.2.3}

As YWHAZ is a direct target of miR-375, we next investigated the impact of miR-375 on YWHAZ function. We examined the cell proliferation, colony formation, invasion, and migration by co-transfected with miR-375 mimics or miR-NC and pcDNA3.1-YWHAZ or pcDNA-3.1 vector. miR-375 was efficiently overexpressed in three hepatoma cell lines transfected with miR-375 mimics (SMMC-7721, huh7, and HepG2, especially in SMMC-7721 cells; [Figure 5](#fig5){ref-type="fig"}A). Thus, we chose SMMC-7721 cells to illustrate the effect of miR-375 on the function of YWHAZ. As shown in [Figures 5](#fig5){ref-type="fig"}B and 5C, overexpression of miR-375 resulted in suppression of cell proliferation and colony formation. Also, cells transfected with miR-375 showed reduced invasion and migration ability ([Figure 5](#fig5){ref-type="fig"}D). Notably, all these suppressive effects of miR-375 were partially reversed by overexpression of YWHAZ simultaneously ([Figures 5](#fig5){ref-type="fig"}B--5D). These results show the important function of YWHAZ in the miR-375 downstream pathway.Figure 5miR-375 and YWHAZ Showed Opposite Effects on HCC Cells(A) TaqMan qRT-PCR was used to evaluate the relative expression of miR-375 in three hepatoma cell lines transfected with miR-375 mimics or miR-NC. The average miRNA expression in miR-NC group was designated as 1. U6 was used as an internal control. (B) Cell proliferation was detected at 24 hr, 48 hr, and 72 hr by Cell Counting Kit-8 assay. (C) (a) shows the representative results of colony formation using the indicated clones. (b) histogram indicates the number of colony formation using the indicated clones. (D) (a) and (c) represent the results of cell invasion and migration across an 8-μm-pore-size membrane with or without Matrigel. (b) and (d) histograms indicate the number of cell invasions and migrations. \*p \< 0.05.

### *In Vivo* Validation of YWHAZ Function on the Hepatoma Xenografts {#sec2.2.4}

Gain- and loss-of-function-based *in vitro* experiments demonstrated that YWHAZ augments the migration, invasion, and proliferation abilities of SMMC-7721 cells. We suppose that the nude mouse xenograft model is an efficient system for performing function-oriented therapies of silencing YWHAZ. We successfully constructed HCC xenograft models with SMMC-7721 cells. When the tumor volume is close to 100 mm^3^, the transplanted nude mice received intratumoral administration with nanoliposomes (L)-delivered si-NC, si-YWHAZ, or si-YWHAZ combined with DOX (n = 4 each group), respectively. Compared with the si-NC/L group, the other two groups showed suppressing effect of tumors growth, which could be presented by gross morphology ([Figure 6](#fig6){ref-type="fig"}A). The tumor growth curves showed that si-YWHAZ/L and si-YWHAZ/DOX/L groups showed persistent tumor suppression compared to the control group. Obviously, si-YWHAZ/DOX/L displayed the most visible tumor-suppressor role ([Figure 6](#fig6){ref-type="fig"}B). Though si-YWHAZ/DOX/L showed strong combination inhibition of tumor growth, it resulted in a significant reduction in body weight. However, there was no significant loss of body weight in si-YWHAZ/L group ([Figure 6](#fig6){ref-type="fig"}C). Immunohistochemistry analysis of YWHAZ, the proliferation marker Ki-67, and apoptosis marker caspase-3 in the tumor tissues indicated that YWHAZ was efficiently silenced *in vivo* and cell proliferation was inhibited, whereas cell apoptosis increased by si-YWHAZ/L or si-YWHAZ/DOX/L treatment ([Figures 7](#fig7){ref-type="fig"}D and [6](#fig6){ref-type="fig"}D). These results show that si-YWHAZ is generally well tolerated by mice and suppressed tumor growth in SMMC-7721 cell xenografts without altering body weight.Figure 6*In Vivo* Validation of YWHAZ Function on the Hepatoma Xenografts(A) Effects of YWHAZ on the growth of pre-established SMMC-7721 xenografts at a gross morphology level. After treated with siRNA-NC/L, si-YWHAZ/L, or si-YWHAZ/DOX/L every four days for 5 times, mice were sacrificed and photographed. (B) Tumor growth curve of mice with pre-established SMMC-7721 xenografts treated with siRNA-NC/L, si-YWHAZ/L, or si-YWHAZ/DOX/L is shown. (C) Body weights of mice with xenografts treated with siRNA-NC/L, si-YWHAZ/L, or si-YWHAZ/DOX/L are shown. (D) Immunohistochemistry was assessed for the proliferation marker Ki67 and apoptosis marker caspase-3 in the treated tumor tissues.Figure 7Potential Mechanism and Downstream Pathways of the ASH1-miR-375-YWHAZ Axis in HCC(A) Heatmap of 645 differentially expressed genes from si-YWHAZ microarray. Each row of gene probes was normalized, and each column sample was clustered by hierarchical clustering. Two different state samples were found to be clustered together (the first three columns were YWHAZ knockout samples, and the last three were control samples \[blue scale\]). The uppermost scale from green to red indicates that the expression level is low to high. The main function and biological processes of the up and down genes are also shown in the figure. (B) The expression profiles of YWHAZ downstream genes from si-YWHAZ microarray are shown. The heatmap genes were sorted according to different pathways, and most of these genes were significantly differently expressed between si-YWHAZ samples and control. p, significance measure of the correlation; r, Pearson correlation coefficient of each gene and YWHAZ expression. Shading yellow represents the result is significant; otherwise, no color. The results showed that most of these genes were significantly correlated with YWHAZ expression (p \< 0.05). (C) Heatmap of 35 autophagy genes in si-YWHAZ microarray data is shown. (D) Immunohistochemistry of ATG7, E-cadherin, and YWHAZ in the three groups of mice tumor tissues treated with siRNA-NC/L, si-YWHAZ/L, or si-YWHAZ/DOX/L is shown. (E) The expressions of ATG7 and E-cadherin were detected in SMMC-7721 cells after transfection by SYBR green qRT-PCR. (F) Schematic illustration of ASH1-miR-375-YWHAZ signaling axis and its possible downstream pathways in hepatocellular carcinoma is shown.

Potential Mechanism and Downstream of the ASH1-miR-375-YWHAZ Axis in HCC {#sec2.3}
------------------------------------------------------------------------

As we demonstrated the function of ASH1-miR-375-YWHAZ axis in HCC, we tried to explore the mechanism and downstream pathways of this axis. We performed microarray assay in SMMC-7721 cells transfected with si-YWHAZ or si-NC to identify the downstream genes of YWHAZ. The microarray data were deposited in NCBI's GEO public database (<https://www.ncbi.nlm.nih.gov/geo/>; GEO: [GSE98026](ncbi-geo:GSE98026){#intref0020}). As a result, we obtained 507 (245 upregulation and 262 downregulation) differentially expressed genes (DEGs) significantly affected by YWHAZ knockdown ([Figure 7](#fig7){ref-type="fig"}A). Function enrichment analysis showed that there are many genes located in nucleus and cytosol, as well as 185 protein binding proteins. These genes were also enriched in the "regulation of actin cytoskeleton" pathway ([Figure S1](#mmc1){ref-type="supplementary-material"}A), which is related to cell migration and tumor metastasis.[@bib26] We further analyzed the regulation of TFs in the DEGs and found 9 TFs potentially regulated 356 DEGs ([Figure S1](#mmc1){ref-type="supplementary-material"}B). TFs SPIB, KLF11, ZNF148, and RUNX1 were the hub nodes in the network and all upregulated by si-YWHAZ. ZNF148 and KLF11 were reported as tumor repressors to inhibit cell growth and induce cell death in HCC.[@bib27], [@bib28] These TFs may play important roles in the YWHAZ downstream signaling, as miRNAs and TFs can regulate the same targets to form feedforward loop regulatory modules in a refined regulation.[@bib29] Next, we analyzed the co-regulation of miR-375 together with these hub TFs and found that 3 TFs (KLF11, SPIB, and ZNF148) can collaborate with miR-375 to regulate dozens of genes, among which 25% were located in lysosome ([Figures S1](#mmc1){ref-type="supplementary-material"}C and S1D). We also analyzed the co-expression genes of YWHAZ in TCGA HCC samples and identified 78 genes with high correlation (r \> 0.5 or r \< −0.5). Interestingly, although these 78 correlated genes had only few overlaps with the above DEGs, they were also enriched in cytosol and protein binding GO (gene ontology) terms ([Table S4](#mmc1){ref-type="supplementary-material"}; [Figure S1](#mmc1){ref-type="supplementary-material"}E), similar to our si-YWHAZ DEGs ([Figure S1](#mmc1){ref-type="supplementary-material"}A).

Based on our analysis and literature review, we knew that YWHAZ involves in autophagy, epithelial-mesenchymal transition (EMT), cell cycle, apoptosis, etc. We further analyzed the expressions of reported YWHAZ downstream genes and found that the expressions of most genes were highly correlated with YWHAZ and changed by silencing YWHAZ ([Figure 7](#fig7){ref-type="fig"}B). Especially most of the autophagy-associated genes, such as ATG3, ATG5, and ATG7, and EMT-related gene CDH1 (also known as E-cadherin) were changed by si-YWHAZ ([Figures 7](#fig7){ref-type="fig"}C, [S1](#mmc1){ref-type="supplementary-material"}F, [S2](#mmc1){ref-type="supplementary-material"}A, and S2B). Further, we validated these gene expression alterations. The mice tumor tissues from our animal experiment were used to analyze the expression of core genes in autophagy and EMT by immunohistochemistry. As shown in [Figure 7](#fig7){ref-type="fig"}D, the expression of autophagy-associated gene ATG7 was decreased, and EMT-associated gene E-cadherin was increased in both si-YWHAZ/L and si-YWHAZ/DOX/L groups. We also tested the expression of ATG7 in SMMC-7721 cells after silencing or overexpression YWHAZ and found that ATG7 expression was markedly promoted by YWHAZ ([Figure 7](#fig7){ref-type="fig"}E). The above results reinforce our inference that YWHAZ promotes autophagy by inducing ATG7. Next, we used SYBR Green PCR to test the expression of E-cadherin after silencing or overexpression of YWHAZ in SMMC-7721 cells. Consistently, E-cadherin was upregulated after transfected with si-YWHAZ whereas downregulated after transfected with pcDNA3.1-YWHAZ ([Figure 7](#fig7){ref-type="fig"}E). However, SYBR Green PCR results found that another EMT-associated gene VIM expression was not altered with YWHAZ ([Figure S2](#mmc1){ref-type="supplementary-material"}C). The EMT-mediated increase in invasion and metastasis is largely contributed by loss of E-cadherin function.[@bib30], [@bib31] This provides us favorable evidence that YWHAZ induced HCC cells migration and invasion by downregulating E-cadherin. These results support that YWHAZ plays important roles in autophagy and EMT.

Our bioinformatics analysis found that the expressions of apoptosis- and cell-cycle-related genes, such as p53, p21, BCL2L11, CASP7, and CDKL3, were also highly correlated with YWHAZ ([Figure 7](#fig7){ref-type="fig"}B). Besides, our SYBR Green PCR results found that the expression of p21, p53, BCL2L11, and CASP7 were increased and the expression of CDKL3 was decreased after silencing YWHAZ ([Figures S2](#mmc1){ref-type="supplementary-material"}D--S2F), which was consistent with our microarray results. Moreover, the expression of p53 protein was also increased after downregulating YWHAZ and decreased after overexpressing YWHAZ in SMMC-7721 cells ([Figure S2](#mmc1){ref-type="supplementary-material"}E). The dysregulation of apoptosis and cell cycle genes after silencing YWHAZ interprets the potential mechanisms of YWHAZ knockdown, accelerates cell apoptosis, and slows down cell division, thus inhibiting tumor growth. Our results indicated that YWHAZ involves in various biological processes associated with cancer progression through interaction with different downstream genes. Potential mechanism and downstream pathways of the ASH1-miR-375-YWHAZ axis were summarized in [Figure 7](#fig7){ref-type="fig"}F.

Overall Survival Significance of the ASH1-miR-375-YWHAZ Axis in HCC {#sec2.4}
-------------------------------------------------------------------

To understand their clinical significance in human HCC, Kaplan-Meier (KM) survival analysis was used to analyze the relationship between their expressions and the overall survival (OS) months in TCGA HCC samples. As shown in [Figure 8](#fig8){ref-type="fig"}A, single gene expression of the ASH1-miR-375-YWHAZ axis didn't show obvious correlation with OS at 50 months, 60 months, or 100 months. However, the combination of miR-375 and YWHAZ has significance in the OS analysis at 50 months (p = 0.0155; [Figure 8](#fig8){ref-type="fig"}B). When combining expressions of the three genes, we obtained significant difference on OS at 50 months (p = 0.003), 60 months (p = 0.0096), and 100 months (p = 0.0158; [Figure 8](#fig8){ref-type="fig"}C). The high ASH1-high miR-375-low YWHAZ group has significantly longer OS months than the opposite expression group. Overall, these results indicate that the expression of ASH1-miR-375-YWHAZ axis could be a significant marker for prognosis.Figure 8Overall Survival Analysis of the ASH1-miR375-YWHAZ Axis in HCCThe x axis is the overall survival (OS) month, and the y axis represents the survival rate. (A) Kaplan-Meier survival analysis of ASH1, miR-375, and YWHAZ at 50, 60, and 100 months is shown. (B) Kaplan-Meier survival analysis of two gene combinations in ASH1-miR375-YWHAZ axis at 50, 60, and 100 months is shown. (C) Kaplan-Meier survival analysis of three gene combinations in ASH1-miR375-YWHAZ axis at 50, 60, and 100 months is shown.

Discussion {#sec3}
==========

Given a goal of tailoring treatment to the individual tumor, we face a need to integrate diverse molecular measurements and interpret these in terms of pathway changes driving tumor growth and gene or protein aberrations that drive these pathways.[@bib32] miRNAs are endogenously produced small size regulators of global gene expression and gaining recognition as essential regulators involved in cancers. Previously, we reviewed the literature about the emerging role of miR-375 in cancer and found that miR-375 is consistently downregulated in multiple types of cancers and acts as a core miRNA in HCC.[@bib2], [@bib3], [@bib4], [@bib6], [@bib8], [@bib9], [@bib10] However, little is known regarding phenotype-dependent mechanism circuitry involving TFs, miR-375, and its targets in HCC pathogenesis and progression.

In this study, we found the existence of ASH1-miR-375-YWHAZ signaling axis in HCC. Our experiment and TCGA sequencing data showed that YWHAZ was obviously upregulated, whereas ASH1 and miR-375 were significantly downregulated in HCC. In addition, there was a strong positive correlation between the expression of ASH1 and miR-375, whereas YWHAZ expression was negatively correlated with miR-375 or ASH1 expression. Further studies revealed that ASH1 positively regulates miR-375 and miR-375 directly downregulates its target YWHAZ. Some similar results have been reported in lung cancer and gastric cancer.[@bib15], [@bib33] Gain- and loss-of-function study demonstrated that ASH1 decreased HCC cell proliferation, clonogenicity, and migration, and invasion and functioned as a tumor suppressor in HCC-like miR-375, as we reported before.[@bib3] We also demonstrated that inhibiting the expression of YWHAZ in liver cancer cells decreased cell proliferation, clonogenicity, migration, and invasion and also induced G2 arrest and apoptosis, whereas upregulation of YWHAZ showed opposite results. Co-transfection of pcDNA3.1-YWHAZ and miR-375 mimics in SMMC-7721 cells partially reverse the anti-tumor effects induced by miR-375. Importantly, our animal experiment indicated that si-YWHAZ delivered by nanoliposomes could suppress the growth of hepatoma xenografts and were well tolerant by nude mice. It has been reported that reduced expression of miR-375 indicates a poor prognosis in a majority of cancers.[@bib34], [@bib35], [@bib36] Overexpression of YWHAZ was also found to be related to a bad prognosis in various cancers.[@bib17], [@bib33], [@bib37] Similarly, our analysis showed that high expression of miR-375 or low expression of YWHAZ were correlated with a better overall survival in HCC, especially the group miR-375 and ASH1 high expression and YWHAZ low expression; this means that the expression of ASH1-miR375-YWHAZ axis may become a good prognostic biomarker for HCC.

Given the importance of ASH1-miR-375-YWHAZ axis in HCC, further research was conducted to explore the possible downstream pathways of this axis. Through bioinformatics analysis (differential expression analysis, GO, and Kyoto Encyclopedia of Genes and Genomes \[KEGG\] pathway enrichment analysis) of our microarray data, we revealed that YWHAZ was involved in several protein networks and acts as a central hub regulating cell autophagy, EMT, apoptosis, cell cycle, migration, and p53 ubiquitination. It was reported that suppression of Ube2d family members (Ube2d1, Ube2d2, Ube2d3, and Ube2d4) could induce accumulation and phosphorylation of p53, followed by p53-dependent apoptotic cell death.[@bib38], [@bib39] Ubiquitin-specific protease 22 (USP22) stabilizes substrate proteins by inhibiting their ubiquitin-dependent degradation. Several studies demonstrated that USP22 silencing could activate p53.[@bib40], [@bib41] Because USP22, Ube2d4, and Ube3b were important downstream genes of YWHAZ, we infer that YWHAZ downregulates p53 by activating USP22, Ube2d4, and Ube3b, which make P53 ubiquitination and lead to its proteasomal degradation. From our microarray data, YWHAZ is directly or indirectly involved in many important pathways related to tumor progression. Moreover, we confirmed several key results from the microarray data using SYBR Green qRT-PCR and provided primary explanation of the physiological mechanisms of YWHAZ involved in cell autophagy, EMT, cell cycle, apoptosis, invasion and migration, and p53 ubiquitination. Therefore, more experiment studies are needed to clarify the mechanism of ASH1-miR-375-YWHAZ axis in HCC.

In conclusion, our data revealed that ASH1-miR-375-YWHAZ signaling axis existed and played an important role in hepatocarcinogenesis, and it may be a significant biomarker for HCC prognosis. It provides us a better understanding of the molecular mechanisms and novel molecular hubs of HCC, which may benefit the treatment strategies for patients with unresectable HCC.

Materials and Methods {#sec4}
=====================

Cell Lines and Patient Samples {#sec4.1}
------------------------------

The human normal hepatic cell line L02 was cultured in 1640 medium supplemented with 10% fetal bovine serum and the hepatoma cell lines PLC/PRF/5, huh7, MHCC-97H, HepG2, SMMC-7721, Hep3B, and LM3 SK-HEP-1, and the human HeLa cells were cultured in DMEM supplemented with 10% fetal bovine serum. All cells were incubated in a humidified atmosphere at 37°C with 5% CO~2~. Following ethical and institutional guidelines and after informed consent of the tissue donors, pair-matched tumorous and adjacent nontumorous hepatic tissues from 53 patients undergoing resection for liver cancer were obtained from Tongji Hospital, Huazhong University of Science and Technology.

miRNA Mimics, Plasmid, siRNA, and Cell Transfection {#sec4.2}
---------------------------------------------------

miR-375 mimics, si-YWHAZ, and si-ASH1 and their matched negative controls (miR-NC and si-NC) were purchased from Guangzhou Ribobio, China. Sequences of siRNAs were listed in [Table S1](#mmc1){ref-type="supplementary-material"}. YWHAZ- or ASH1-overexpressing vectors were purchased from Shanghai Genechem, China. Cell transfections were performed using Lipofectamine 3000 (Invitrogen, USA) according to the manufacturer's instructions.

SYBR Green RT-PCR and TaqMan qRT-PCR {#sec4.3}
------------------------------------

These assays were detected as we have described before.[@bib3] Primers used in SYBR Green qRT-PCR were listed in [Table S2](#mmc1){ref-type="supplementary-material"}.

Cell Proliferation, Cell Cycle and Apoptosis, Cell Migration and Invasion, and Clonogenicity Assay {#sec4.4}
--------------------------------------------------------------------------------------------------

Cell proliferation assay was implemented according to the cell counting kit-8 (CCK-8) instructions (Promoter, Wuhan, China). Cell cycle and apoptosis, cell migration and invasion, and clonogenicity assay were detected as described.[@bib3]

Western Blotting {#sec4.5}
----------------

Western blot analysis was detected as we have described before.[@bib3] The following primary antibodies were used: anti-YWHAZ (Proteintech); anti-p53 (Cell Signaling Technologies); and anti-β-actin (Promotor).

Immunohistochemistry {#sec4.6}
--------------------

Immunohistochemical (IHC) protocols have been described before.[@bib42] Briefly, human and mice tumor tissue sections (4 μm) were cut and then placed on glass slides. Deparaffinize slides in 2 changes of xylene, each for 10 min. Then, rehydrate sections by sequentially incubating with 100%, 95%, 80%, and 60% ethanol for 5 min each. For antigen retrieval, the sections were boiled in citrate buffer (pH 6.0) for 15 min in a microwave oven. Endogenous peroxidase activity was blocked by incubation with 3% hydrogen peroxide solution for 10 min. Subsequently, the primary antibodies, anti-YWHAZ (1:400; Proteintech), anti-ATG7 (1:200; Cell Signaling Technology), anti-E-cadherin (1:200; Promotor), anti-Ki-67 (1:200; Abcam), and anti-caspase-3 (1:100; Proteintech), were applied to the tissue sections and allowed to incubate overnight at 4°C. Then, samples were further processed as per manufacturer's instructions and a series of procedures, including incubating with peroxidase-conjugated secondary antibody, staining, mild re-dyeing with hematoxylin, dehydration, coverslipping, and microscope observation, were performed in sequence.

Luciferase Assay {#sec4.7}
----------------

To construct a luciferase reporter vector, YWHAZ 3′ UTR fragment containing putative binding sites for miR-375 or a mutant YWHAZ 3′ UTR sequence ([Table S3](#mmc1){ref-type="supplementary-material"}) was cloned into the pMIR-REPORT luciferase plasmid. HeLa cells were co-transfected with 100 ng of pLUC-YWHAZ or pLUC-mut YWHAZ-1 and 50 nM pre-miR-375 or pre-miR-NC; 10 ng of pMIR-REPORT β-gal plasmid served as an internal transfection efficiency control. 48 hr after transfection, luciferase and β-galactosidase activities were measured using the Dual-Light System (Applied Biosystems).

Microarray Expression Profiling {#sec4.8}
-------------------------------

SMMC-7721 cells transfected with si-YWHAZ_1 or siRNA-NC were used to synthesize double-stranded cDNA, which was labeled and hybridized on the SurePrint G3 Human Gene Expression Microarray 8 × 60K v2 (Agilent Technologies, Santa Clara, CA, USA). Processed slides were scanned with the Agilent G2565CA Microarray Scanner (Agilent Technologies) after hybridization and washing. Data were extracted with Feature Extraction software 10.7 (Agilent). Quantile normalization and subsequent data processing were performed using the R software limma package. Differentially expressed long non-coding RNAs (lncRNAs) and mRNAs between two samples were identified through fold change filtering and Student's t test. The normalized intensity for each lncRNA and mRNA was presented as a log2-transformed pattern; fold changes \>2 and p values \< 0.05 were selected as significantly differentially expressed. The microarray profiling was conducted by the Shanghai Biotechnology.

Animal Experiments {#sec4.9}
------------------

BALB/c athymic nude mice (male; 4--6 weeks old and 16--18 g) were purchased from Beijing HFK Bioscience and bred at pathogen-free conditions in Animal Center of Tongji Medical College. All animal experiments were carried out in accordance with the Guide for the Care and Use of Laboratory Animals of Tongji Medical College. SMMC-7721 cells (4 × 10^6^) were suspended in 100 μL fetal bovine serum (FBS)-free DMEM medium and inoculated subcutaneously into the flanks of nude mice to establish hepatoma xenograft model. When the tumor volume is close to 100 mm^3^, the transplanted nude mice were randomly divided into three groups (n = 4 each). 1.0 mg/kg doxorubicin combined with 2.5 nmol si-YWHAZ, 2.5 nmol si-YWHAZ, or 2.5 nmol si-NC (RiboBio, Guangzhou, China), respectively, was delivered by L into the implanted tumor per mouse every 4 days for 5 times. Tumor volume (V) was monitored by measuring the length (L) and width (W) with digital caliper and calculated with the formula V = (L × W^2^) × 0.5.

Liver Cancer Data from TCGA {#sec4.10}
---------------------------

We have downloaded RNA-seq (V2) and miRNA-seq level3 data of liver cancer (374 samples) from The Cancer Genome Atlas (TCGA) data portal (<https://portal.gdc.cancer.gov/>). The paired cancer and adjacent tissue samples were used to analyze gene differential expression. The expressions of YWHAZ, ASH1, and miR375 were significantly different (p value \< 0.01; paired t test) between tumor and adjacent tissue.

Survival Analysis {#sec4.11}
-----------------

We used TCGA tumor data to perform Kaplan-Meier survival analysis. For survival analysis for a single gene, the low expression was defined by expression levels in the lowest quartile (25th percentile) and high expression by levels in the upper quartile (75th percentile). The numbers of high-expression and low-expression samples of YWHAZ and miR375 are both 83. p value was calculated by log rank (Mantel-Cox) test. For multi-gene survival analysis, we divided the high and low expression based on the median of their gene expression levels. We compared the best prognostic subgroups with the worst prognostic subgroups (39 samples in each group) and found that the combined survival results were more significant than the single genes.

Identification of miRNA and TF Targets {#sec4.12}
--------------------------------------

We have constructed interaction networks for all 553 si-YWHAZ DEGs and miRNA. The experimental validated or predicted target genes of TFs and miRNAs were summarized in the previous project.[@bib29] We selected all genes and TFs in DEGs and constructed a TF-target network. Then, the miRNA target gene data were added to construct a co-regulatory network of miR-375 and TFs.

Enrichment and Co-expression Analysis {#sec4.13}
-------------------------------------

The gene enrichment analysis for GO and KEGG was carried out by the DAVID online tool (<https://david.ncifcrf.gov/>) and FunRich,[@bib43] and the significant results (p \< 0.01; Fisher's test) visualization was through R package ggplot2. The co-expression data were derived from TCGA liver cancer data in the cBioPortal database (<http://www.cbioportal.org/>). The Pearson and Spearman correlation analyses were performed for all genes with YWHAZ. The genes with high correlation (\| r \| \> 0.5) between the two algorithms and p \< 0.01 were selected as co-expression genes of YWHAZ.

Statistic Analyses {#sec4.14}
------------------

All experiments were performed in triplicate unless specified. Results are represented as the mean ± SD. Statistical analysis was performed using unpaired Student's t test by Graphpad Prism 5.0 software. p \< 0.05 was considered significant.
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